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Abstract In this paper we introduce non-local-in-time complexified Lagrangians
characterized by an expanded complex backward—forward derivative operator which
generalize the classical complex derivative operator. We developed the Euler—
Lagrange equations and solved them for some special case. We discuss their
implications in Newtonian mechanics where a number of applications were illustrated.
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1 Introduction

The theory of non-local-in-time mechanics is not new and was addressed in literature
long time ago since the work of Nelson in his derivation of the Schrodinger equation
from classical mechanics [18]. Other related approach concerns the work of Nottale on
scale relativity characterized by the fractal spacetime concept which amount to con-
sider both the forward and backward motion simultaneously [19]. This concept leads
to relate the Schrodinger equation to the complexified Newtonian mechanics. In real-
ity, considering concurrently forward and backward motion was addressed since 1948
by Richard Feynman [10,11] in his spacetime approach to non-relativistic quantum
mechanics where position differences of the particle are shifted with respect to each

B Rami Ahmad El-Nabulsi
nabulsiahmadrami@yahoo.fr

College of Mathematics and Information Science, Neijiang Normal University, Neijiang 641112,
Sichuan, China

® Birkhiuser


http://crossmark.crossref.org/dialog/?doi=10.1007/s12346-016-0187-y&domain=pdf

224 R. A. El-Nabulsi

other. This approach was used recently in [21] where extended Newtonian mechan-
ics was obtained after replacing the kinetic energy of the particles in motion by a
non-local-in-time kinetic energy (in fact this was first proposed by Suykens [21] and
then further extended by Li et al. [13]). In [20], this approach was used to deal with
nonconservative systems and in [6] it was generalized for the case of deformed or non-
standard Lagrangians type. It is notable that for non-differentiable particles curves as
in quantum mechanics, the classical Lagrangian formalism fails [11]. This problem
was addressed in literature by introducing the scale derivative by means of a complex
backward—forward derivative operator (CBFDO) which applies to non-differentiable
functions [2,19] and was generalized in [19] for the case of fractional embedding the-
ory [4], fractional actionlike variational approach [7,8] and equations on time scales
[5,14-16]. These theories seem to be promising, yet lots of work are still required.
In this paper, we would like to extend Newton’s law by means of a non-local-in-time
complexified Lagrangians characterized by an expanded E-CBFDO which generalizes
the work done in [6,13,21]. Our main aim is to explore the main consequences of the
E-CBFDO in Newtonian mechanics and not to solve the list of higher-order nonlinear
differential equations obtained.

The paper is organized as follows: in Sect. 2, we introduce the basic Lagrangian
setups of our model: we derive the modified Euler—Lagrange equation and we discuss
some of its main consequences; in Sect. 3, we illustrate by discussing the dynamics
of some specific Lagrangian models; in the same section we construct the resulting
Newton’s law and we discuss some of its main impacts; in Sect. 3, we illustrate
by discussing some physical applications; conclusions and perspectives are given in
Sect. 4.

2 Complexified Nonlocal-In-Time Lagrangian from E-CBFDO: The
Complex Euler-Lagrange Equation and the Corresponding Newton’s
Law

We start by introducing the basic setups of our approach.

Definition 2.1 Let X be a coordinate of a given dynamical system, ¢ be the proper
time and t a positive constant. The backward and forward displacement are given
respectively by X(t — t) and X(r + 7). We define the CBFDO D of X by [19]:

dXx AL fdX(t+71) dX(1t—1) i (dX(t+71) dX(It—1)
— =DX= - + - — _ ,
dr 2 dt dt 2 dt dt

= % (DX(t + 1) + DX(t — 1)) — lz (DX(t + 1) — DX(t — 7))

| {+;
TIDX(t+r)+%DX(t—t), (1

wherei = +/—1 € Cand D = d/dt.
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Remark 2.1 In fact we can write the D as:

D:l(i )_i(i
AT )2 \a

where DgX = DX(t + 7) and DpX = DX(t — t) are respectively for “backward”
and “forward” temporal derivative. Remark that D holds for only first-order temporal
derivative therefore we denote it by D'.

d

_|_
5 di

d

s di

1 i
— - (Dp+Dyp)— - (Dp—D
F) 2(B+ F) 2(3 F),

Definition 2.2 Using the Taylor-series expansions:

1 1
X(t 4+ 1) ~ X(t) + t DX (1) + 5rzDZX(z) 4ot —‘r”D(”)X(t)
! n

"
= X(@) + Z EtkD(k)X(t), ()
k=1
X(t — 1) ~ X(t) — t DX(1) + %IZD2X(I) +.4 @rnbm)xa)
! n'
=X@) + Zn: ﬂr"D(’OX(I) 3)
- — K ’

we define the E-CBFDO acting on X(¢) by:

1—i "1
D"X(1) = — (DX(t) + kz EtkD(k“)X(t))
=1

. n 1k
o (oo 3 G0 ).
k=1 ’

n

i1
= DX() + —— > 7 D*IX()
k=1"

L+i~ (—DF
+ = ZTII‘D("“)XO),
k=1 :

_ l n _ kl k my(k+1)
_DX(t)+Zl§(l+( DY DX

- %ZU - (—l)k)%rkD“‘WX(t). @
k=1 ’
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Definition 2.3 We define the non-local-in-time generalized coordinates by:

X¢+1)+X@t—1) . Xt+71)—X(t—-1)

Y! = . _; . ,
11 "
= X()+5 (Z E(H(—D")r"D“”X(r)—i > Erk(l - (—l)k)D(k)X(t)),
k=1 " k=1""
(5)
and its corresponding E-CBFDO by:
D"=D+ li(l + (—1)’<)lka<k+1>
2k—l k!
i~ 1
_Z (1 kD) — N iayn
5 (1 —( 1))k!tD =D+ D% —iDl, (6)
where
n A 1 - k 1 k (k+1)
Di 252 I+ (1) )ET DD, %
k=1 '
Z (1= (=17 DD, ®)

Clearly, forn = 1, Y! = X(t) — itX(t), D' = D — it D® and therefore:
D'Y! = (D —itDP)(X(1) — itX(1)) = X(1) — 2iX(t) — T2X (1),

whereas forn = 2,Y2 = X(t)+ % (2X(t)=2itX(t)),D? = D+ 1x2D® - irD®)
and accordingly:

DY = X(t)——rX(t)+ X @) - 1‘53X(4)(t)+ XO @),

and so on.

In order to construct the complexified Lagrangian formalism, weletL, (D"YZ, Y?, t)
€ C%([a, b] x C"* x C"; C) be an admissible smooth complexified Lagrangian func-
tion with (D"Y%, Y7, 1) — L,(D"YZ,Y?, t) assumed to be a C? function with respect
to all its arguments, i.e. continuously differentiable with respect to all of its argu-
ments. The corresponding complexified action function is given in our arguments by:
S = fah L,(D"YZ,Y?, t)dt where Y? € C'[a, b]is sufficient in our arguments. We can
now find using the standard variational approach the function Y? for which the action
functional subject to given boundary conditions Y7 (a) = Y7 , and Y7 (b) = Y’:, , has
an extremum.
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Remark 2.2 Before we proceed to explore the complexified Lagrangian dynamics,
it is notable to mention that classical mechanics is extended in our formalism into
the complex domain. Though in our paper we deal with the Lagrangian approach, we
expect naturally that the Hamiltonian formalism is complexified and its corresponding
analytic Hamilton function satisfies a family of Cauchy—Riemann conditions depend-
ing on the value of n. In reality, complexified Hamiltonian systems are obtained by
complexifying the canonical variables whereas in our approach the complexification
is obtained by means of non-local coordinates. The phase space structure of certain
complexified dynamical systems described by higher-order Lagrangians is under con-
struction. We expect that the new complexified Hamiltonian formalism will lead to a
generalized structure of the phase space. In physics and mathematics, many methods
have been constructed to jump from the real space to the complex space. To the best
of our knowledge, the formalism addressed in this paper was not attacked before in
literature and it represents a novel way to encode higher-order derivatives to the usual
first-order classical mechanics. This may have interesting features in complexified
quantum mechanics.

Theorem 2.1 Given the action functional S = fab L, (D"YZ,Y", t)dt. IfY" are solu-
tions, then the following complexified Euler—Lagrange equation (CELE) holds:

LOYLYLD L, (aLAD"Y?,Y’é’f)) —0 ©

ayn aDny”
Lemma 2.1 In terms of the derivative operators D and D", the CELE takes the form:

L DY YE ) o (L @YE YE 0\ o (0La(DYE YR D)
ayn aDnyn k aDnyn

on [(OLa(D"YZ, YT 1)
+IDI (W) =0

Remark 2.3 Tt is obvious that the complexified Lagrangian L, (D"Y?, Y, t) contains

higher-order derivatives terms and accordingly, one can always write Eq. (9) as a

higher-order complexified Euler-Lagrange equations depending on the value of n.
To clarify, for n = 1, we have Li(D'Y!, YL 1) = Li(X(t) — 2itX(r) —

22X (1), X(1) — itX(t), t) = L; and therefore the corresponding CELE (10) takes
the form:

oL, oL, 1 oL, onl oL
L _p (L) _p () it (S0 ) —o,
oY1 (aDlY;) ®\3o1vi ) TP\ Gpiv

which is also written using Eqs. (7) and (8) as:

L, d aL, d? aL,
— |l —==)tit—S\|=—==])=0
aYl  dr \aD'Y! dr2 \ 4D'Y!

(10)
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For n = 2, we have: Lo (X(7) — TX(I) + 3thG)(t) —11’3X(4)(t) + 1r4X(5)(t)
X(@) + %(‘Cz)“((t) — 2irX(t)), t) = L, and the corresponding CELE is:

— _—_D|——)-D Di| =) =0,
E (aDZYg) ®\5p2yz ) 171\ 5p2y2

which also may be written as:

oLy d al, 2 d3 oL, n d? oLy 0
—_— = — ——— | == it—\|—==) =0,
Y2  dr \9D2Y2 2 dr3 \ aD2Y?2 dt> \ 9D2Y?2
and so on for larger values of n.
One quick consequence of the CELE concerns the Lagrangian L, (DY}, Y?, 1) =
% D"YZD"Y" — %Y’r‘ Y which is similar in form to the harmonic oscillator Lagrangian.

However, this is a complexified Lagrangian of higher-order of n. The equation of
motion as derived from Eq. (10) takes the form:

—Y" — D(D"Y") — D% (D"Y") +iD}(D"Y") =0. (11)

Forn = l,wehaveY% = X(t)—itX(t), D! = D—itD®, DIY% = X(t)—2irX(t)—
72X () and the following relations hold accordingly:

DY) = X(@1) = 2itXP (1) — 2XD (), (12)
D,(D'Y}) =0, (13)
DID'YH = D@ DY) = XD (1) — 2ie XD (1) — X 1), (14)

and the equation of motion takes the form:
it3XO (1) = 302XD (1) = 3itXP (1) + X(1) — itX(t) + X(1) =0,  (15)

which is a higher-order nonlinear complexified differential equation. Notice that for
© = 0, Eq. (15) is reduced to X(¢) + X(t) = 0 which corresponds for the second-order
differential equation for a classical oscillator.

For n = 2, we have Y2 = X(1) + $(¢2X(t) — 2itX(1)), D> = D + $(:?D® —
%IDQ)) and the corresponding derivative DZY% X(t) - rX(t) + 3t2X(3)(t) -
%i 3IXB (1) + 4—1‘14X(5) (#). The following relations hold Consequently:

D(D?Y?2) = X(t) — TX(3)(t)+ r2X(4)(z) l‘L’3X(5)(Z)—|— 4X© (1), (16)

D%(DW%):%# (X(4)(t) x<5)(z)+ 2X© (1) — zt3X(7)(t)—|— r4X(8)(t))
(17)

D}(D2Y$):z(x(3>(t) rX(4)(t)—|— 22X (1) - l‘[3X(6)(t)+ r4X(7)(t))
(18)
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and the equation of motion takes the form:

6X(8)(t)—|— 6zr5x<7>(t)+ r4x<6>(z)+—8 23X 1)

5291 2@ )+ 224 4 LX)+ L 5 = 2X(@O) +itX() = X(1) = 0.
(19)

Once again for 7 = 0, Eq. (19) is reduced to the second-order differential equation
for a classical oscillator X(¢) + X(¢) = 0. It is obvious that this approach generates
complex ordinary differential equations for the dynamical variables. One naturally
expects that the present complexified Lagrangians formalisms will generate complex
classical Hamiltonians which will satisfy complex ordinary differential equations and
therefore the study of complex ordinary differential equations is crucial. These classes
of Hamiltonians were discussed largely in literature in classical and quantum theories
[1,2]. It will be of interest to study in a future work the matching Noether operators
in the complex domain.

Itis noteworthy that if one pick a deformed Lagrangian of the form L,,(D"Y?, Y%, 1)
= YY" + Y"D"Y”, its equation of motion is Y? = 0. For n = 1, Y! =
X() — irX(t) = 0 which gives X(r) = c1t7/"/* whereas for n = 2, we have
12X(1) — 2iTX (1) + 2X(t) = 0 and the solution is given by X(t) = cpe~ (3=D1/7 4
c3 e"(‘/gl'l)’/r and soon. Herecj, j =1, 2, ... are constants of integration. It is striking
that in the standard formalism, the solution is simply: X(z) = 0.

In order at this stage to discuss the implications of the E-CBFDO on Newton’s law,
we consider the Lagrangian L, (D"Y7, Y7, 1) = 5 Lpn YID'Y? —V(Y?), V(Y]) being
the potential of the system in motion. From Eq. (9) we find effortlessly:

D'D"Y" = — a\;\((\z’;), (20)
For n = 1, Eq. (20) is reduced to:
iTXO @) = 3t2XB (1) — Qi + DX @) + X@t) = — 3\;\((\:9 , @21
r
whereas for n = 2, we find:
6X<8)(t)+ ZnSX”)(t)Jr X© (1)
+ g(l +20)3XO (1) — %rzx(‘” (1)
+ #rX@(z‘) Xt =- a\;\({\;)' 22)

and so on. These give an extended complexified Newton’s law holding higher-order
derivative terms.
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Lemma 2.2 For the case of deformed Lagrangians of the form L,(D"Y"?, Y 1) =
YiD"Y? + kV(Y}), k € R, the equation of motion is 9V (Y})/dY] = 0 and a
dynamics still occurs for power-law potential V (Y") (Y;’)N, N =2,3,4,...

Proof The proof is straightforward and is obtained from Eq. (9). For N =2,3,4...
we find Y? = 0 and therefore forn = 1,2, 3, ... a dynamics still occur as shown in
the previous section. O

Remark 2.4 For the case of the deformed Lagrangian L, (D"Y?, Y?, 1) = Y!D"Y? 4+
kY (Y}),k € R, we can pick a periodic potential of the form V(Y?) = cos(Y?})
which gives sin(Y?) = 0 or Y? = nz,n € Z. For n = 1 the solution is given by
X(t) = nmw + cae” T,

Definition 2.4 Let L, (D"YZ, Y”, t) be an admissible smooth Lagrangian function.
We define the higher-order force by

L, (DY, Y )

F , 23
n avr (23)
and the higher-order momentum by:
oL, (D"Y2, Y! ¢
p, = O Ve Yo 1) (24)

aDryY?
Lemma 2.3 The second complexified higher-order Newton’s law is expressed by:

F, =D"P, = (D + D} — iD})P, = (D + D,)P, — iD|P,
= For+iFor, (25)

where (F))p £ (D + DR)P, and (Fp); £ —D'P, are respectively the real and
imaginary part of the complexified force. .

Forn=1,(F)gr 2 (D+DLYP, =Py, (F)); 2 -DIP; = —tD?PP; = —1P,
and therefore the Newton’s law is F| = F’l — it|51.

3 Physical Implications of the Complexified Nonlocal-In-Time
Lagrangian from E-CBFDO

A: One interesting consequence of our approach concerns the E-CBFDO of a given
function f(Y?,t). For illustration purpose, we choose n = 1. Its derivative is then
given by:

2
Dlf(YL,y=(D —itDP)f(YL 1) = (—t - ir;?) FoYLn. (26)



Complex Backward—Forward Derivative Operator... 231

Expanding its total differential to the first order gives for D:

df(YL,o) af(YL 1) | d(X(1) — itX(1))
e P C AL L P a
1
= % + @ —ity)- VYLD, (27)

and for D@

d* oyl a2 fr(Yl ,
f;t; 2 f;tzr D + @y —itd)-VFYL
af (YL n)
at
+ > = 2yHAfYL ) —2it(w-V)y

+ (v -V)v) - V(YL ), (28)

+2((w-V)—it(y-V) ———

where J is the jerk, i.e. the rate of change of the vector acceleration y and v is the
velocity vector. Accordingly, Eq. (26) gives:

af (YL 0

DIf(YL, =1 =72y - V) =2it (v-V)) oy

2 f(YL
ar?

—it(@* =y Af (Y7 0) + 207 ((v Vv 4+ -V)v— %J)

+ (v —=2ity)- V(YL 1)

V(Y0 (29)
For t = 0, this equation is reduced to D! = E?t v - V as it is expected. At first sight,
we observe that the material derivative, i.e. the time rate of change of a function while
moving with the particle, is complexified. For the case of a constant velocity, Eq. (29)
is reduced to:

Dlf(YL ) =1 = 2itwV

afrcYL oy . a%feYL o
) T
+ oV ) —itvAf(YL 0. (30)

As a simple application, we consider a small volume V whose boundary moves with
a fluid of density p assumed to be constant inside the volume [22]. Assuming that the
mass of the fluid M = pV is conserved as the fluid moves with velocity v assumed
to be constant without loss of generality, then for n = 1, we can write using Eq. (30):
D'M = VD' p = 0 which gives D' p = 0. Using Eq. (28) we find:

(1 =2itov) 2L ier —itv®Ap =0, 31)
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which is the modified continuity equation. If the fluid density is constant in time but
varies with distance, e.g. height, than Eq. (31) is reduced to the Laplace equation
Ap = 0. For the case of a stationary fluid, the energy density varies as p(f) =
¢s 4 cee /T which tends to a constant for very large time. A number of implications
in fluid mechanics are under construction.

B: In order to have a simple idea about the implications of the present approach in
classical theory, we consider the action § = f ab Ly (DIY%, Y%, t)dt as a functional of
the upper limit of integration, the variation of the action gives the complex momentum
P; = VS and the complex energy E; = —95/9¢ [19]. For given system characterized
by the Lagrangian L;(D'Y!, Y1, 1) = 1mD'Y!D'Y! — & where @ is the classical
potential and m is the mass of the particle, Eq. (9) gives mD'D!Y! = —V® from we
deduce the complex momentum P; = mD'Y! which already gives D'Y! = V§/m.
By introducing a complex function ¥ = ¢/ where « is a real constant, we obtain
D'Y! = —(i/ma)VIn ¥ and from mD'D'Y! = —V® we find at the end V& =
iDY(VIn V) /. Using Egs. (26)—(28), we find after some algebra:

A(VInWw)  33(VInw)
— 1T

;:VCD ={1-=-2it((v-V)—it(y-V)))

ot 912
+(v=2ity =t +22((v- V)Y + (y - V)v))
VW) —itw? — 2yH)A(VInv). (32)

Assuming for simplicity a constant velocity, i.e. J = y = 0, then Eq. (32) is approxi-
mated by:

A(VInw) . 33(VInw)
—1IT
9 912
+uV(VInW) —itv’A(VIn W). (33)

o
—Vo = (1 —2itvV)
i

By letting ¢ = VIn W and A = V® we can write Eq. (33) as:

3%

32 +uVp — itV Ad. (34)

a
—A—(1—21t V)—d)—l‘f

This equation may be splitted into two partial differential equations:

2—‘15 +vVg =0, 35)

2
2A¢>+—¢+2 v8—¢ — %A. (36)

Deriving Eq. (35) with respect to time and replacing into Eq. (36) we find:

1 0%  «
v2 92 Tl

A¢p — A, (37)
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which is the wave equation with a source term. In this case one may rewrite the given
complex nonlinear differential equations splitting the complex from real parts and
then investigate the dynamics of the resulting differential partial equations. One then
expects this approach to have interesting consequences in quantum mechanics.

4 Conclusions

In this work, we have introduced the notion of a complex backward—forward derivative
operator applied to non-local-in-time generalized coordinates of a given Lagrangian
system. We have constructed the Lagrangian formalism and derived the correspond-
ing equations of motion in particular the Euler—Lagrange equation and the Newton’s
equations of motion. It was observed that the present formalism generates dynamical
equations of motion holding higher-order derivatives terms and the extended complex-
ified Newton’s law holds higher-order derivative terms. This gives hope to construct
Newtonian’s theory with higher-order corrections terms which is useful in quantum
physics. It was observed that the present formalism may have some motivating conse-
quences in fluid mechanics and quantum mechanics. The corresponding Hamiltonian
formalism and a list of physical applications are under progress. It should be men-
tioned that complexified Lagrangian mechanics was discussed in literature through
different aspects [3,9,12,17,20] and have many important applications in quantum
theory, yet our approach generalizes these approach by the present of the E-CBFDO
and non-local-in-time generalized coordinates. The complexified Lagrangians will
yield naturally complexified Hamiltonian dynamical systems and complex differen-
tial equations which render the study of complex ordinary and partial differential
equations crucial and we expect to have several physically interesting applications.
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